Brain ␤-amyloid (A␤) deposition during normal aging is highlighted as an initial pathogenetic event in the development of Alzheimer's disease. Many recent brain imaging studies have focused on areas deactivated during cognitive tasks [the default mode network (DMN), i.e., medial frontal gyrus/anterior cingulate cortex and precuneus/posterior cingulate cortex], where the strength of functional coordination was more or less affected by cerebral A␤ deposits. In the present positron emission tomography study, to investigate whether regional glucose metabolic alterations and A␤ deposits seen in nondemented elderly human subjects (n ϭ 22) are of pathophysiological importance in changes of brain hemodynamic coordination in DMN during normal aging, we measured cerebral glucose metabolism with [
Introduction
Accumulated evidence obtained by functional brain imaging has revealed two dominant domains that act in opposite ways to each other. One set of brain areas shows increases in activity, while the other set of areas shows decreases in activity during performance of a wide range of different types of cognitive task (Fox et al., 2005) . The former set of brain areas includes the dorsolateral prefrontal cortex (DLPFC) and the precentral and inferior parietal cortices (Cabeza and Nyberg, 2000; Owen et al., 2005) . The latter set of brain areas includes the precuneus and posterior cingulate cortex (preC/PCC), and a medial frontal region including parts of medial frontal gyrus and ventral anterior cingulate cortex (MFG/vACC) (Raichle, 1998; Gusnard and Raichle, 2001; Mazoyer et al., 2001; Simpson et al., 2001a; Fox et al., 2005) . These latter task-negative responses have been proposed as the default mode of brain function (Simpson et al., 2001a) , and coactivation in a distributed network [i.e., the default mode network (DMN)] in these cortical regions has been revealed (Greicius et al., 2003) . Specifically, the posterior part of the DMN (i.e., precuneus) has been recognized as the region with early changes in glucose metabolism (Silverman et al., 2001; Drzezga et al., 2003) as well as A␤ deposition (Mintun et al., 2006) in Alzheimer's disease (AD). Recent imaging studies also showed that the DMN function was impaired in AD patients and altered in healthy elderly people by some degree of A␤ deposition (Greicius et al., 2004; Supekar et al., 2008; Hedden et al., 2009; Zhang et al., 2009; Sheline et al., 2010) . Therefore we hypothesized that, even in the healthy older individuals, altered default mode of brain function is associated with some degree of amyloid pathology, of reduction in glucose metabolism, and of deterioration of cognitive performance, which may be central to aging effect on slowness of thoughts in the elderly. However, no previous study has demonstrated them all in the same subjects. The main purpose of the present study was to examine whether the DMN measured by the steady-state brain hemodynamic configuration is relevant to the cognitive decline, glucose hypometabolism, and amyloid burden under normal aging. The advantage of the present study was that measurement of these biological parameters in the same subjects on the same day allowed us to compare the default mode of brain function with amount of A␤ deposit by 
Materials and Methods
Participants. We examined 22 healthy elderly subjects (9 men and 13 women; mean age 68.0 Ϯ 7.28 years) ( Table 1) . None of the subjects had any personal or family history of psychiatric or neurological diseases. The exclusion criteria were (1) dysfunction or difficulty in independence in their daily lives, or loss of social interaction in their community, as assessed by Clinical Dementia Rating (CDR) (Morris, 1993) Ն0.5 or Functional Assessment Staging of Alzheimer's Disease (FAST) (Reisberg, 1986) Ն2; (2) presence of significant white matter microvascular changes on magnetic resonance imaging (MRI) over and above a few scattered lacunas compatible with normal aging; (3) drinking large amounts of alcohol regularly or smoking; (4) taking any medication for at least 8 weeks before the examination; and (5) untreated hypertension or diabetes. The present study was approved by the Ethics Committee of Hamamatsu Medical Center, and written informed consent was obtained from all participants before enrollment.
MRI scanning. All participants underwent threedimensional MRI just before PET measurement. Here, a static magnet (0.3 T MRP7000AD; Hitachi) was used in three-dimensional mode (Ouchi et al., 2001) .
Working memory task. Visual tasks were presented on a liquid crystal screen in front of subjects during PET scanning. One type of resting control condition and two types of working memory task were used; as shown in Figure 1 , one was the simple visual working memory task (WM task) and the other was the visual working memory with mental rotation (RWM task).
Regional cerebral blood flow measurement using PET scan during working memory task. We used a high-resolution brain PET scanner (SHR12000; Hamamatsu Photonics K.K.) (Ouchi et al., 1999) . After head fixation using a thermoplastic face mask and a 10 min transmission scan, we performed quantitative measurement of regional cerebral blood flow (rCBF) in the conventional manner Ouchi et al., 2001) . Nine 1 min PET scans for rCBF were performed under various conditions, as shown in Figure 1 B O-PET images from each participant were individually adjusted for mean image (normalized rCBF) (Ouchi et al., 2001) . To evaluate glucose metabolism, a semiquantitative ratio index of [ 18 F]FDG was calculated as standardized uptake value ratio (SUVR) (Ouchi et al., 2009 (Nelissen et al., 2007) , and smoothed with a 8 ϫ 8 ϫ 8 mm Gaussian kernel using SPM8 (Wellcome Department of Cognitive Neurology, http://www.fil.ion.ucl. ac.uk/spm/software/spm8/). The use of a thermoplastic face mask and three-dimensional laser markers enabled us to keep the subjects' heads fixed in the same position during a series of all PET measurements (Ouchi et al., 2006 (Brett et al., 2002) ]. The details of this ROI procedure have been reported previously (Tzourio-Mazoyer et al., 2002) .
Similarity index in the default mode network. To evaluate functional coupling between MFG/vACC and preC/PCC (or level of frontoposterior disengagement in DMN), we used Spearman's rank correlation coefficient as a similarity index, in which a higher value of this index denoted a higher functional engagement in DMN. We used this coeffi- Figure 1 . Task paradigm. A, Subjects performed two types of working memory task; one was a simple visual WM task and the other was a visual RWM task in which subjects were asked to select the correct picture with the same hand flipped over from the palm side (acquisition) to the rear (recognition). For the resting control condition (Con), subjects were asked to look at a cross mark centered in the screen. To avoid drowsiness under control conditions, subjects were instructed to press a button in the right or left hand every 18 s. B, Each condition continued for 3 min and each interval lasted for 7 min with the eyes closed (black square). Eight points represents a perfect score (Maeshima et al., 1997) .
b Zero points represents a perfect score (Maeshima et al., 1997) .
c Three points represents a perfect score (Frontal Assessment Battery subtest) (Dubois et al., 2000) . One hundred percent represents a perfect score. Except for the first two rows, values are given as mean (range).
cient because it is available without knowledge of the joint probability distribution of these two regions.
Statistics for ROI analysis. For the rCBF variable, three-way analysis of covariance (ANCOVA) was performed (ROI ϫ condition ϫ gender). Two factors were within subjects for region effect (MFG/vACC vs preC/ PCC vs DLPFC vs parietal cortex) and condition effect (control vs WM task vs RWM task). One factor was between subjects for gender effect (male vs female). To remove the effect of age, we defined age as a covariate. Statistical significance was defined as p Ͻ 0.05. Relationships between dependent variables (i.e., [ 11 C]PIB or [ 18 F]FDG index from 11 ROI) and independent variables (hemodynamic similarity index, working memory performance, or age) were assessed using Spearman's rank correlation coefficient. Statistical significance was defined as p Ͻ 0.0045 because of multiple comparisons (11 ROIs). In addition, the effects of age on these independent variables were assessed using Spearman's rank correlation coefficient, and gender differences in these independent variables were assessed using Mann-Whitney U test. Statistical significance was defined as p Ͻ 0.05.
Statistics for voxelwise analysis . SPM8 was used for voxelwise analysis. All [
15 O]rCBF, [ 11 C]PIB-SUVR, and [ 18 F]FDG-SUVR parametric images were first normalized to the MNI space and smoothed with an isotropic Gaussian kernel of 8 mm (same method with ROI analysis). The between-condition comparisons for rCBF were performed using the flexible factorial model with a statistical threshold set at p ϭ 0.001 uncorrected for peak height. Confounding factors of age and gender were included in the model. Voxel-based correlations were computed between rCBF similarity index and [
11 C]PIB-SUVR and [ 18 F]FDG-SUVR parametric images using the multiple regression model with the statistical threshold set at p ϭ 0.001 uncorrected for peak height. Confounding factors of age and gender were also included in the model.
Results
Changes in regional cerebral blood flow rCBF was estimated in the brain regions that were a priori considered important in DMN (MFG/vACC and preC/PCC as task-negative regions, DLPFC and parietal lobes as task-positive regions) for each participant. Three-way ANCOVA showed a significant interaction effect between ROI and condition (F ϭ 2.28; p ϭ 0.041) ( Fig. 2A , Table 2 ). As shown in Figure 2 A, this interaction was due to the inverse hemodynamic responses to memory task between ROIs (especially medial vs lateral ROIs). Whole-brain SPM analysis revealed significant elevation of rCBF in superior, middle, and inferior frontal gyri, superior parietal lobules, middle and inferior occipital gyri, and fusiform gyrus (Fig. 2 B) , and significant reduction in superior, medial, and inferior frontal gyri, uncus, precentral gyrus, superior and middle temporal gyri, angular gyrus, and precuneus (Fig. 2C) during working memory as compared with control conditions.
Correlations between regional [
11 C]PIB-SUVR and hemodynamic similarity index Figure 4 A denotes Spearman's rank correlation between regional [
11 C]PIB-SUVR (separating the whole brain into 11 regions) and hemodynamic similarity index. PIB-SUVR in the whole cerebral cortex, MFG/vACC, and middle temporal and inferior temporal cortices showed a negative correlation with the hemodynamic similarity in DMN ( ϭ Ϫ0.640, p ϭ 0.0034 for the whole brain as shown in Fig. 3A ). Whole-brain SPM correlation analysis showed that PIB uptake in the cingulate gyrus, parahippocampal gyrus, fusiform gyrus, cuneus, insula, and lentiform nucleus were correlated negatively with the similarity index (Table 3 , Fig. 4 B) .
Correlations between regional [ 18 F]FDG-SUVR and hemodynamic similarity index
Although ROI analysis failed to demonstrate any correlation between adjusted regional FDG-SUVR and hemodynamic similarity index (Fig. 5A) , we continued to perform voxel-based analysis. As shown in Table 3 and Figure 5B , relatively higher FDG-SUVR in the temporooccipital region (outside the medial DMN region) was associated with higher similarity index.
Correlations between working memory performance and hemodynamic similarity index, regional [ 11 C]PIB-SUVR, or regional [
18 F]FDG-SUVR Spearman's rank correlation coefficient showed the number of correct answers correlated positively with the similarity index in DMN ( ϭ 0.646, p ϭ 0.0031) (Fig. 3B) , and negatively with the PIB-SUVR in middle temporal cortices (Fig. 4 A) . There was no significant correlation between cognitive performance and regional FDG-SUVR (Fig. 5A) (Fig.  4 A) . There was no brain region but superior temporal cortex, in which [18F]FDG-SUVR was significantly correlated with age ( ϭ Ϫ0.627, p ϭ 0.0040).
Effect of gender difference on age, hemodynamic similarity index, and working memory performance
Mann-Whitney U test failed to demonstrate any significant gender differences for age (U ϭ 52.5, p Ͼ 0.05), similarity Table 2 ). This interaction was due to the inverse hemodynamic responses to memory task between ROIs (i.e., medial vs lateral ROIs). Error bars indicate 1 SD. B, Exploratory SPM analyses (p Ͻ 0.001, uncorrected). Significant elevation of rCBF in DLPFC and parietal and occipital cortices during memory conditions (WM and RWM tasks) as compared with control conditions. C, Significant reduction of rCBF in MFG, preC, and occipital cortex during memory conditions (WM and RWM tasks) as compared with control conditions. Con, Control condition. index (U ϭ 48.5, p Ͼ 0.05), and working memory performance (U ϭ 39.5, p Ͼ 0.05).
Discussion
Hemodynamic response, similarity index, and [ 11 C]PIB uptake Our hemodynamic study focusing on the four loci showed two opposing hemodynamic responses; i.e., DLPFC and parietal cortex were activated during cognitive tasks, while MFG/vACC and preC/PCC were deactivated (Fig. 2) . This disparity was replicated by other tasks in previous studies (Raichle, 1998; Mazoyer et al., 2001; Simpson et al., 2001a; Buckner et al., 2005; Fox et al., 2005) . These hemodynamic responses were shown to disappear under pathological conditions, such as mild cognitive impairment (MCI) and AD (Lustig et al., 2003; Petrella et al., 2007) , suggesting disruption of brain default mode. Indeed, it was of particular interest that the anatomical pattern of high A␤ deposits in the AD brain was very similar to the anatomical pattern of the default mode activity, especially in the medial posterior part of the brain preC/PCC (Buckner et al., 2005) . Even in nondemented elderly individuals, high levels of A␤ deposits were shown to be related to altered DMN activity on functional magnetic resonance imaging (fMRI) ). In addition, we found that the similarity index between MFG/vACC and preC/PCC across the rest and task conditions was negatively correlated with PIB-SUVR (Fig. 4 A, B ) and positively correlated with the working memory performance (Fig. 3B) . These results suggest that A␤ deposition, if any, during normal aging could affect DMN activity and deteriorate cognitive performance. As shown in Table 2 Figure 3. A, [ 11 C]PIB-SUVR in the whole cerebral cortex was correlated negatively with the similarity index ( ϭ Ϫ0.640, p ϭ 0.0034). Representative images for opposite changes between [ 11 C]PIB index and hemodynamic similarity were shown in two subjects. A subject (top left) with the higher PIB index shows the lower hemodynamic similarity in preC/PCC with seed region (MFG/vACC), whereas the other subject (bottom right) with the lower PIB shows the higher similarity in preC/PCC. B, The number of correct answers to working memory task was correlated positively with the similarity index between MFG/vACC and preC/PCC ( ϭ 0.646, p ϭ 0.0031). Talairach and Tournoux brain atlas coordinates: x ϭ distance in millimeters to the right (ϩ) or left (Ϫ) side of the midline; y ϭ distance anterior (ϩ) or posterior (Ϫ) to the anterior commissure; z ϭ distance superior (ϩ) or inferior (Ϫ) to a horizontal plane through the anterior and posterior commissures. BA, Brodmann's area; Gyr., gyrus.
and Figures 4 and 5, effects of age and gender were negligible in this study, suggesting again that A␤ deposition is of a pathophysiological value for the DMN malfunction. However, to answer why women suffer more from AD than men (Jorm and Jolley, 1998; Fratiglioni et al., 2000) , a larger number of participants with a broader age range would be necessary for clarification of gender effect.
The steady state of the brain Imaging of a physiological baseline state of the brain depends on the imaging modality used, such as PET or MRI. PET is insensitive to second time scale fluctuations in brain physiology, but it can capture the steady state of the brain perfusion and metabolism as a stable unit parameter Ouchi et al., 2001) . Considering the role of regional engagement of the basal brain function, depiction of the steady state in the target brain region may sometimes be preferable. In particular, physiological noise, such as respiratory or cardiac noise, can reduce power or yield artifactual correlations in functional connectivity studies (Lowe et al., 1998; Raj et al., 2001; Birn et al., 2006; Lund et al., 2006) , and these noise sources would become artifacts that affect DMN (Birn et al., 2006) . The 1 min scan of the steady state used in the present study minimized the chances of physiological artificial noise or mental unsteadiness noise. The similarity index, therefore, reflects the steady-state conditions of the brain activity (i.e., resting and working memory conditions). Although the physiological significance may be different from the fMRI methods that have been reported in previous studies (Hampson et al., 2006; Sheline et al., 2010) , our results using a similarity index were consistent with those of recent fMRI studies as follows. Performance on the working memory task was positively correlated with the strength of the functional connectivity between the PCC and MFG/vACC in nine healthy subjects (Hampson et al., 2006) , and higher functional connectivity between preC and anterior cingulate was observed in nondemented participants with [
11 C]PIB negative to a certain threshold (Sheline et al., 2010) . In addition, we found that A␤ deposits altered the brain regional engagement between preC/PCC and MFG/vACC even in nondemented elderly in a deposit-dependent manner.
Similarity index in DMN
The concept of a similarity index originates from recent studies regarding preC/PCC and MFG/vACC (Vogt et al., 1992; Bechara et al., 1997; Simpson et al., 2001a,b; Oshio et al., 2010) . A fundamental dichotomy was reported between the functions of MFG/ vACC and preC/PCC (Vogt et al., 1992) , in which the preC/PCC subserves evaluative functions, such as monitoring sensory events in spatial orientation and memory (Vogt et al., 1992; Oshio et al., 2010) , and the MFG/vACC subserves primarily executive functions for emotional control (Bechara et al., 1997; Simpson et al., 2001a,b) . When an individual is awake and alert and yet not actively engaged in an attention-demanding task (i.e., default mode), brain activities in preC/PCC and MFG/vACC would predominate in gathering and evaluating information broadly arising in the external and internal milieu (Simpson et al., 2001a) . Once focused attention is required, brain activity within these areas may be attenuated. This attenuation in activity reflects a necessary reduction in resources devoted to general information collection and evaluation. Thus, neural engagement between preC/PCC and MFG/vACC would enhance the flexible reallocation of attentional resources, which may be crucial to perform cognitive tasks. As shown in the present study, this functional coupling of medial frontoposterior DMN seems to be disrupted by A␤ deposition in DMN along with deterioration of cognitive performance. mentia in previous studies. Total amyloid level did not correlate with disease progression in histologically proven AD patients (Lue et al., 1999; McLean et al., 1999) , and in clinically diagnosed AD patients, there was no significant association between [ 11 C]PIB uptake and cognitive deterioration or clinical severity Yokokura et al., 2011) , or only a weak association . This [ 11 C]PIB accumulation seemed to reach a plateau at the level of dementia with moderate clinical severity (i.e., sum of the individual ratings of CDR Ͼ5) (Grimmer et al., 2009 ). In addition, recent studies also showed that [ 11 C]PIB uptake affected cognitive performance in normal aging Mormino et al., 2009; Rentz et al., 2010) . These lines of evidence confirm that [
11 C]PIB uptake can be used as a surrogate marker for reduced cognitive reserve during the preclinical state of amyloid pathology. In this pathology, one of the amyloid species (soluble oligomers) is considered to be a more powerful pathogen than the insoluble amyloid fibrils in AD (Montalto et al., 2007) . In human studies, increased soluble A␤ levels in the AD cerebral cortices were highly correlated with disease severity (Lue et al., 1999; McLean et al., 1999) . As [ 11 C]PIB cannot distinguish insoluble from soluble A␤ (Klunk et al., 2004) , we do not currently know how much soluble A␤ does harm to the brain in vivo directly. However, the present observations may support the suggestion that soluble A␤ (oligomer) depicted partly by [
11 C]PIB plays a central role in cognitive deterioration in the elderly. A specific probe for soluble oligomers would be desirable to gain a further understanding of its role in normal brain aging and in subjects with preclinical AD.
Hemodynamic features and glucose metabolism in DMN
In the present study, resting glucose metabolism in DMN failed to show significant correlation with hemodynamic similarity index in DMN or performance of working memory (Fig. 5A) . However, exploratory SPM analysis of [
18 F]FDG images showed a positive correlation between hemodynamic similarity index and glucose metabolism in the temporooccipital region (Fig. 5B) , which is also considered part of the lateral DMN (Fox et al., 2005; Raichle and Snyder, 2007) . It is generally acknowledged that low glucose metabolism in this region is likely associated with future cognitive decline in normal subjects (Jagust et al., 2006) . Thus, glucose metabolism measured by [
18 F]FDG-PET in the lateral cortex of the brain may be involved in deterioration of taskinduced brain functions in aging. It was recently reported that unlike [
18 F]FDG-based glucose metabolism reflecting anaerobic glycolysis, aerobic glycolysis in DMN is highlighted in preclinical A␤ deposition (Vlassenko et al., 2010) . Indeed, our results were consistent with their suggestion because [
18 F]FDG-SUVR reduction in preC/PCC and MFG/vACC was not significantly associated with DMN dysfunction. As the results of Vlassenko et al. (2010) were obtained by comparing different sets of groups, further studies are needed to confirm this by focusing on changes in aerobic glycolysis in DMN and brain hemodynamic discordance in the same group of nondemented elderly people. Age-related reduction of [
18 F]FDG in the superior temporal cortex (Fig. 5 ) in the present study might reflect the morphological changes because [18F]FDG-SUVR of the bilateral perisylvian areas decreased with age (Yanase et al., 2005) .
Conclusion
Here we show for the first time that A␤ deposition in the brain of the healthy elderly is linked to a pathophysiological mechanism of impaired neuronal connectivity in DMN and the resultant decline of working memory.
